Plants undergo developmental changes throughout their life history. Senescence, the final stage in the life history of a leaf, is an important and unique developmental process whereby plants relocate nutrients from leaves to other developing organs, such as seeds, stems, or roots. Recent attempts to answer fundamental questions about leaf senescence have employed a combination of new ideas and advanced technologies. As senescence is an integral part of a plant's life history that is linked to earlier developmental stages, age-associated leaf senescence may be analysed from a life history perspective. The successful utilization of multi-omics approaches has resolved the complicated process of leaf senescence, replacing a component-based view with a network-based molecular mechanism that acts in a spatial-temporal manner. Senescence and death are critical for fitness and are thus evolved characters. Recent efforts have begun to focus on understanding the evolutionary basis of the developmental process that incorporates age information and environmental signals into a plant's survival strategy. This review describes recent insights into the regulatory mechanisms of leaf senescence in terms of systems-level spatiotemporal changes, presenting them from the perspectives of life history strategy and evolution.
Introduction
Senescence in plants involves the programmed disassembly and degeneration of cells, tissues, organs, or whole organisms, and occurs most distinctively at the leaf organ and organismal levels. The leaf is the fundamental site for harvesting energy as well as the primary organ for plant growth and development. During the growth phase of annual plants, leaves accumulate nutrients through carbon fixation, but at the senescence stage these nutrients are relocated to other organs, such as developing seeds, as part of the parental investment. In perennial plants such as trees, the nutrients disassembled during leaf senescence are stored in the stems or roots before being reutilized in the development of new leaves or flowers during the next growing season. These observations led to the idea that leaf senescence has an important biological 'purpose' and has thus evolved as a life history strategy. Accordingly, decisions concerning 'when to die' and 'how to die' are critical for plant fitness and must be tightly controlled by an intricate genetic program that integrates information about leaf age as well as environmental and endogenous factors (Thomas and Stoddart, 1980; Buchanan-Wollaston et al., 2003; Lim et al., 2007) .
Early genetic studies of leaf-longevity mutants showed that the timely death of plant leaves requires the action of several senescence-promoting genes (Oh et al., 1997; Woo et al., 2001; Lim et al., 2007) . Numerous molecular genetic and genomic studies in Arabidopsis thaliana later identified many key regulatory molecules, as well as a series of signaling pathways involving gene expression changes during leaf senescence. The regulatory factors include chromatin-modifying factors, transcription regulators, receptors and signaling components for hormones and stress responses, and regulators of metabolism, and thus it is clear that there is an intricate control of leaf senescence through multiple layers and pathways (Woo et al., 2013; Podzimska-Sroka et al., 2015; Kim et al., 2016c) . More recently, a number of transcriptomic and metabolomic analyses of Arabidopsis leaf senescence have demonstrated a distinctive chronology of senescence-associated processes and their regulation (Breeze et al., 2011; Watanabe et al., 2013; Kim et al., 2016c; Woo et al., 2016) . Over the past two decades, these studies have significantly expanded our knowledge of the molecular mechanisms regulating leaf senescence, although many fundamental questions remain unanswered. This knowledge is now being used to explore the highly complex molecular regulatory network at a systems level of regulation (Kim et al., 2016c; Woo et al., 2016) .
The general molecular mechanisms underlying leaf senescence and death have been described and extensively reviewed (Lim et al., 2007; Penfold and Buchanan-Wollaston, 2014; Schippers, 2015; Kim et al., 2016b) , and therefore will not be discussed further here. Instead, we will focus on recent advances describing the regulatory mechanisms of leaf senescence as a life history strategy from the perspectives of systems-level spatio-temporal changes and evolution. A better understanding of these fundamental aspects will undoubtedly facilitate the improvement of agronomic traits such as crop yield and post-harvest quality.
Multi-layered regulation of leaf senescence
Over the past decade, extensive genetic and molecular efforts, together with 'omics' technologies, have unraveled the key molecular principles of leaf senescence and death. These studies show that, like other developmental programs, leaf senescence involves highly complex genetic programs that are tightly tuned by multiple layers of regulation, including chromatin and transcription regulation, as well as post-transcriptional, translational, and post-translational regulation (Table 1) . In this section, we highlight key findings from the last 3 years that illustrate the dynamic regulation and co-ordination of leaf senescence at multiple levels.
Transcription factor-mediated regulation of leaf senescence
The importance of transcription factor (TF)-mediated regulation has emerged from the identification of master TFs that play critical roles in the leaf senescence program. Here, we highlight the roles of TFs with respect to changes in physiological, biochemical, and molecular phenotypes, as well as in gene regulatory networks (GRNs), particularly with respect to TFs involved in leaf senescence-associated jasmonic acid (JA) signaling and chlorophyll catabolism. Although JA functions as an inducer of leaf senescence in many plant species, including Arabidopsis, the role of TFs in JA signaling pathways regulating leaf senescence at the molecular level has only recently been understood. When the JA signal is perceived by CORONATINE-INSENSITIVE PROTEIN 1 (COI1), it recruits and degrades the JA ZIMdomain (JAZ) repressors, resulting in activation of various downstream TFs, including type IIIe basic helix-loop-helix (bHLH) factors such as MYC2/3/4, and the type IIId bHLH factors bHLH03/13/14/17. JAZ7 was identified as a negative regulator of dark-induced leaf senescence in Arabidopsis (Yu et al., 2016) . Expression of JAZ7 is significantly induced in darkness, which might further block MYC2 to suppress dark-induced leaf senescence (Yu et al., 2016) . Other JAZ proteins, JAZ4 and JAZ8, interact physically with WRKY57, which directly represses the expression of senescence-associated genes (SAGs) such as SENESCENCE 4 (SEN4) and SENESCENCE-ASSOCIATED GENE 12 (SAG12), to regulate JA-induced leaf senescence (Jiang et al., 2014) . Moreover, antagonistic interactions of type IIId and IIIe bHLH factors have been implicated as a mechanism to mediate JA-induced leaf senescence to ensure plant survival in the face of changing environmental conditions and developmental cues (Qi et al., 2015) . Further analysis of the molecular mechanisms that govern leaf senescence induced by diverse plant hormones including JA could link hormonal changes during senescence to leaf senescence programs.
Yellowing due to chlorophyll degradation is one of the most obvious visible symptoms of leaf senescence. Identification of chlorophyll catabolic genes (CCGs) in Arabidopsis has led to the biochemical pathway of chlorophyll degradation being elucidated. More recently, there has been considerable progress in understanding the importance of TFs in the GRNs controlling chlorophyll degradation; for example, ARABIDOPSIS NAC DOMAIN-CONTAINING PROTEIN 46 (ANAC046) is a positive regulator of leaf senescence that directly binds to the promoters of major CCGs, including and PHEOPHORBIDE a OXYGENASE (PaO; Oda-Yamamizo et al., 2016) . Two other NAC TFs that act as positive regulators of leaf senescence, ANAC016 and ANAC072, bind directly to the NYE1 promoter Sakuraba et al., 2016) . ANAC016 was initially identified as directly binding the promoters of two NAC genes, AtNAP/ANAC029 and ORESARA1 SISTER1 (ORS1; Kim et al., 2013) . Interestingly, AtNAP directly activates transcription of Arabidopsis ALDEHYDE OXIDASE3 (AAO3), which encodes the enzyme responsible for the final step in abscisic acid (ABA) biosynthesis; the increased level of ABA promotes transcription of CCGs, including NYC1, NYE1, and PaO , suggesting that multiple gene regulatory modules are interconnected to regulate chlorophyll degradation during ABA-induced leaf senescence.
The involvement of ethylene in the regulation of chlorophyll degradation was revealed by a study that combined gene expression analysis and electrophoretic mobility shift assays with chromatin immunoprecipitation (ChIP) assays. This showed that two TFs (EIN3 and ORE1/ANAC092) and three major CCGs (NYC1, NYE1, and PaO) constitute a coherent feed-forward loop regulating ethylene-mediated chlorophyll degradation during leaf senescence in Arabidopsis (Qiu et al., 2015) . Similarly, Zhu et al. (2015) demonstrated that MYC2/3/4 directly promote the expression of NYC1, NYE1, and PaO upon methyl jasmonate (MeJA) treatment. Moreover, three NAC TFs (ANAC019/055/072), targets of MYC2, also directly activate transcription of a similar set of CCGs (NYC1, NYE1, and NYE2). Notably, the physical interaction of MYC2 and ANAC019 synergistically enhances NYE1 expression, further supporting the idea that a hierarchical GRN co-ordinated by MYC and NAC TFs plays an important role in regulating MeJA-induced chlorophyll degradation. Further studies of how such GRNs co-ordinate chlorophyll catabolism during leaf senescence induced by diverse internal and external factors will add new insights into the mechanisms of leaf senescence.
Taken together, these recent studies clearly demonstrate that TF-mediated regulation is one of the key regulatory mechanisms underlying the leaf senescence process. Considering the complexity of the global transcriptional regulation in which hundreds of TFs are tightly interconnected with numerous target genes, further systematic studies designed to identify and characterize TFs that play a role in leaf senescence will be necessary to gain more comprehensive insights into global TF-mediated regulation of leaf senescence.
Chromatin-mediated regulation of leaf senescence
The structural alteration of chromatin through histone modification and chromatin-remodeling enzymes is another key mechanism controlling leaf senescence. Recently, Brusslan et al. (2015) explored the genome-wide landscape of histone modification during developmental leaf senescence in Arabidopsis by combining ChIP-sequencing (ChIP-seq) and RNA-seq approaches. They uncovered a strong correlation between temporal changes in the histone H3 trimethyl lysine 4 (H3K4me3) mark, an active histone mark, and transcription of a subset of genes whose expression is altered during leaf senescence. Further evidence for a link between histone modification and control of leaf senescence comes from a study of HISTONE DEACETYLASE9 (HDA9), whose loss-of-function mutants show delayed leaf senescence phenotypes (Chen et al., 2016) . A genome-wide occupancy profiling revealed that HDA9 directly binds to the promoters of key negative regulators of senescence, including AUTOPHAGY 9 (APG9), NUCLEAR PROTEIN X 1 (NPX1), and WRKY57. Moreover, HDA9 acts in complex with a SANT domain-containing protein, POWERDRESS, and WRKY53, a well-known positive regulator of leaf senescence. Thus, there is strong evidence for the importance of histone deacetylase in modulating global gene expression during leaf senescence.
The importance of chromatin-mediated regulation of leaf senescence has been highlighted by the characterization of mutations in SWI2/SNF2-like chromatin-remodeling proteins. DEFECTIVE IN RNA-DIRECTED DNA METHYLATION 1 (DRD1) and DECREASED DNA METHYLATION 1 (DDM1; Cho et al., 2016) . Loss-offunction mutants of DRD1 or DDM1 exhibit delayed leaf senescence phenotypes, including downregulation of expression of several SAGs, although it is not yet clear whether DRD1 or DDM1 directly affects the expression of these SAGs. Taken together, these observations further deepen our knowledge of the contribution of dynamic chromatin modifications in controlling leaf senescence.
Only a handful of studies have investigated which chromatin modifiers are involved in the regulation of leaf senescence and how they control this process. Future challenges include determining how chromatin modifiers co-operate and how TFs and chromatin modifiers interact to control gene expression during leaf senescence.
Post-transcriptional regulation of leaf senescence
Key regulators of leaf senescence can be modulated at multiple post-transcriptional levels, including splicing, transport, and degradation by miRNAs and non-coding RNAs binding to cis-elements in mRNA. Here, we discuss miRNA-mediated regulatory networks, as these are currently the best-characterized examples of post-transcriptional regulation. Huo et al. (2015) used microarray analysis to examine changes in miRNAs in Arabidopsis leaves from whole darkened plants as well as from individually darkened leaves. They found that 137 miRNAs were differentially expressed during dark-induced senescence, and predicted the target genes affected by these miRNAs, either via the regulation of transcription or in response to hormones, such as ABA and salicylic acid (SA). Attempts were also made to investigate the dynamics of miRNA-mediated regulatory networks across the entire development of a leaf. Thatcher et al. (2015) used degradome libraries to examine changes in miRNA abundances at four stages in the lifespan of a leaf and to investigate miRNA-guided cleavage events. The role played by senescence-regulated miRNAs in the regulation of target genes involved in nutrient mobilization and cell structural integrity agreed with the phenomena known to occur during leaf senescence. Similarly, Woo et al. (2016) identified 265 miRNA-mRNA target pairs whose expression patterns show strong negative correlations across the life history of a leaf. Subsequent comparison of miRNA-mediated regulatory networks present in the early and late stages of the leaf lifespan revealed that miRNAs contribute distinctively to the two stages by regulating genes involved in different biological processes.
To date, the regulation of SAG expression by miRNAs has been the main focus of systemic studies of the small RNA (smRNA)-based regulatory networks involved in leaf senescence; nevertheless, a few attempts have been made recently to broaden our knowledge of the impact of other types of smRNAs, including trans-acting small interference RNAs (tasiRNAs). An analysis of ARGONAUTE 1 (AGO1)-enriched smRNAs (excluding miRNAs) involved in the regulation of Arabidopsis SAGs found 200 AGO1-enriched smRNA-target SAG pairs (Qin et al., 2016) . Another comprehensive study, which investigated the involvement of tasiRNA and 21-nt smRNA in the regulation of SAGs, combined smRNA-seq and total RNA-seq approaches across different ages of Arabidopsis leaves and identified 117 tasiRNA-target SAG pairs and 235 21-nt smRNA-target SAG pairs . Together, these studies have advanced our understanding of the smRNA-based regulatory networks modulating leaf senescence.
Although smRNA-based regulation has been at the forefront of studies of the post-transcriptional regulatory mechanisms underlying leaf senescence, a recent finding concerning the role of a minor spliceosome component, U11-48K, of Arabidopsis has provided molecular genetic evidence that the correct splicing of U12 introns is important for normal plant development processes, including leaf senescence . It is reasonable to speculate that post-transcriptional mechanisms contribute significantly to the regulation of leaf senescence, but further studies are needed to uncover the potential roles of other types of post-transcriptional mechanisms involving mRNA processing (5′-capping, splicing, and 3′-end processing), mRNA modification, and mRNA export machineries. These studies will provide new mechanistic insights into how specific mRNAs are recognized and targeted at each post-transcriptional regulatory step.
Post-translational regulation of leaf senescence
Reversible protein phosphorylation is a critical regulatory system in cell signaling networks that controls almost all aspects of cellular function. The importance of phosphorylation in leaf senescence is supported by the recent identification of protein kinases involved in this process. One of the most extensively characterized kinase families involved in leaf senescence comprises the members of the mitogen-activated protein kinase (MAPK) signaling cascade. A recent study of the mechanism underlying MAPK6 (MPK6) action provided new insights into the specific manner by which SA induces leaf senescence (Chai et al., 2014) . MPK6, activated by SA, plays a positive role in SA-triggered WRKY6 expression, which in turn increases expression of NONEXPRESSER OF PR GENES 1 (NPR1) by directly binding the NPR1 promoter. In addition to its indirect regulation of NPR1 through WRKY6, MPK6 facilitates nuclear localization of NPR1 by modulating thioredoxin h activity.
The MPK6-EIN2-EIN3-ORE9 cascade has recently been implicated in MeJA-induced leaf senescence . Upon MeJA treatment, MPK6 promotes the cleavage of the C-terminal end of ER-located ETHYLENE INSENSITIVE 2 (EIN2) and its localization to the nucleus, which stabilizes EIN3. Subsequently, EIN3 accumulates and directly activates expression of ORE9 to accelerate MeJAinduced leaf senescence. Another MAPK signaling cascade involving MAPKKK18-MKK3-MPK1/2/7 also plays a role in ABA-induced leaf senescence (Matsuoka et al., 2015) .
Although the roles of phosphatases are not particularly well understood, the importance of reversible protein phosphorylation mediated by kinases and phosphatases in the regulation of leaf senescence is demonstrated by SENESCENCE-SUPPRESSED PROTEIN PHOSPHATASE (SSPP), which directly dephosphorylates SENESCENCE-ASSOCIATED RECEPTOR-LIKE KINASE (SARK), a positive regulator of leaf senescence (Xiao et al., 2015) . The further discovery of novel kinases/phosphatases and detailed investigations of their regulatory networks will help unravel the underlying mechanisms of leaf senescence.
Ubiquitination is one of the most common post-translational modifications and is required for a wide repertoire of biological processes in plants. Since the identification of ORE9, an F-box protein, as a positive regulator of leaf senescence (Woo et al., 2001) , emerging evidence has highlighted the role of ubiquitin-dependent degradation pathways in the regulation of leaf senescence. One of the most important recent discoveries of this kind is that plant U-box (PUB) E3 ubiquitin ligases link defense responses to leaf senescence; for example, PUB12 and PUB13, initially identified as components regulating FLAGELLIN-SENSITIVE 2 (FLS2)-mediated defense responses (Lu et al., 2011) , negatively regulate stress-induced leaf senescence . PUB44 [also known as SENESCENCE-ASSOCIATED E3 UBIQUITIN LIGASE 1 (SAUL1) and NOT ORESARA 1 (NORE1)] is another extensively studied PUB protein. The saul1 mutant was initially isolated by its premature senescence phenotype (Raab et al., 2009) , but evidence has accumulated that PUB44/SAUL1/NORE1 is an integrator that mediates signals from temperature-and humidity-dependent defense programs and leaf senescence (Vogelmann et al., 2012; Disch et al., 2016; Lee et al., 2016) . Given that the Arabidopsis genome is predicted to contain approximately 64 PUB genes, systematic studies of direct targets and interaction partners of PUB proteins are required for a better understanding of their roles in plant development, in terms of both leaf senescence and the defense response.
A RING-type ubiquitin ligase, ARABIDOPSIS TOXICOS EN LEVADURA 31 (ATL31), has recently been identified as playing an important role in leaf senescence (Aoyama et al., 2014) . ATL31 is a regulator of post-germination growth in response to changes in CO 2 /N status (Sato et al., 2011) . Leaf senescence is respectively accelerated and suppressed in the loss-of-function mutant and over-expressor of ATL1 under high-CO 2 /low-N conditions (Aoyama et al., 2014) . WRKY53 directly activates ATL31 in response to the cellular C/N status of the plant. Further elucidation of the relationship between WRKY53 and ATL31, and of the upstream signaling cascade modulating ATL31 activity, is crucial for an in-depth understanding of the molecular mechanism integrating the control of primary metabolism into leaf senescence.
As outlined above, post-translational modifications, such as phosphorylation and ubiquitination, stand out as major players in the regulation of leaf senescence. Future work will be required to investigate the roles of other modifications such as sumoylation, S-nitrosylation, acetylation, and sulfenylation, and their importance in the regulation of leaf senescence.
Newly emerging regulatory mechanisms of leaf senescence
Efforts have been made to explore the regulatory mechanisms of leaf senescence by adopting innovative concepts and approaches. The emphasis in this section is on the regulatory factors that allow the co-ordination of developmental events throughout a plant's life history (Fig. 1) .
Factors co-ordinating leaf life history
It was long believed that early leaf development and senescence were two separate biological processes occurring at the opposite extremes of a plant's life cycle. This was based on the observation that biogenesis and anabolism processes dominate early leaf development but degeneration and remobilization processes are prominent during leaf senescence. From a life history perspective, however, senescence is affected not only by the current internal, external, and genetic conditions, Fig. 1 . Potential regulatory factors that allow developmental events to be co-ordinated throughout the life history of a leaf. Senescence and death are the last stages in the life history of a plant and are affected not just by internal, external, and genetic factors, but also by all previous developmental processes. Thus, senescence and subsequent death should be better understood as an integral part of the life history. Multiple pathways that respond to various factors, including those that contain genes for growth and proliferation, ROS signaling, hormone perception and responses, light signaling, and the circadian clock, are interconnected to form complex regulatory networks, and co-ordinate developmental processes.
but also by all previous experiences, such as leaf initiation, growth, and maturation. Accordingly, developmental processes and their transitions are likely to co-evolve and be interdependent in living organisms.
Recent studies suggesting interconnections between early leaf development and senescence are based on evidence that both processes share common signaling molecules or hormonal mediators. Cytokinin, which promotes cell growth and division in leaf development and retards the progression of leaf senescence, is one of the best-studied hormones linked to the two, temporally different, types of development. The cytokinin receptors ARABIDOPSIS HISTIDINE KINASE (AHK) 2, 3, and 4 are involved in cell proliferation-mediated leaf growth and senescence (Higuchi et al., 2004; Kim et al., 2006; Riefler et al., 2006) . Furthermore, cytokinin response factors (CRFs), downstream components of cytokinin receptors, mediate cytokinin signaling to regulate both leaf growth and senescence (Raines et al., 2016) . Thus, various components of the cytokinin signaling pathways play roles in co-ordinating the two developmental programs, possibly allowing efficient developmental transitions.
It is well known that auxin has an important function in plant behaviors mediated by cell elongation in early development. Its role in leaf senescence is not yet clearly understood, but auxin signaling factors, including AUXIN RESPONSE FACTOR 2 (ARF2; also known as ORE14) and SMALL AUXIN UPREGULATED 36 (SAUR36), are reported to function both in leaf growth and senescence (Ellis et al., 2005; Okushima et al., 2005; Lim et al., 2010; Hou et al., 2013) . There is some debate about whether plants have evolved to employ hormonal factors to control both processes, as phytohormones govern diverse physiological processes across a plant's lifespan. Nonetheless, it is accepted that selection has acted on some, even if not all, of the hormone signaling factors involved in both processes.
Other candidates for the co-ordination of the two developmental programs are photo-oxidative molecules. Their roles have been well described in leaf senescence, but recent evidence suggests that they are also involved in newly emerging leaves; photo-oxidation stress occurs frequently in emerging leaves because photoinhibition and photoprotection have not yet been completely established (Juvany et al., 2013) , due to the presence of an immature photosynthetic apparatus. Several genetic elements have recently been identified whose mutation affects ROS-mediated developmental programs in early and late development. Stirnberg et al. (2012) reported that defects in FAR-RED ELONGATED HYPOCOTYL 3 (FHY3) and its homolog FAR-RED IMPAIRED RESPONSE 1 (FAR1) induce oxidative stress-related phenotypes with inhibition of axillary bud outgrowth and retardation of leaf growth in an AUXIN RESISTANT 1 (AXR1)-dependent manner. fhy3 far1 double-mutants also exhibit photo-oxidative stressrelated precocious leaf senescence at the adult stage through direct activation of MYO-INOSITOL-1-PHOSPHATE SYNTHASE (MIPS) 1 and 2 . Studies of REVOLUTA (REV) and WRKY53 provide more evidence: REV is involved in multiple early developmental processes, including lateral meristem initiation, leaf polarity-associated growth processes, and vascular development (Byrne, 2006; Smith and Long, 2010) ; it also acts as a redox-sensitive TF regulating WRKY53 expression in response to oxidative stress, leading to the onset of leaf senescence (Xie et al., 2014) . These studies suggest that ROS-mediated signaling is one of the cellular mechanisms linking early and late leaf development, and thus affecting life history.
The involvement of mitotic or proliferative activity in the regulatory mechanism underlying leaf senescence has not received much attention, probably because cellular proliferation in leaves terminates at a very early stage of development. It is possible, however, that genes controlling mitotic activity influence developmental senescence. This hypothesis is supported by recent studies of growth regulators that link cellular activity in early leaf development with leaf senescence. Differential leaf senescence responses are commonly observed in mutants of cell proliferation-mediated growth regulators. Cell proliferationmediated growth control requires two major genetic pathways, the miR319-TCP4-miR396-GROWTH REGULATING FACTORs/GRF-INTERACTING FACTORs (GRFs/GIFs) pathway and the AINTEGUMENTA-CYCLIN D3 (ANT-CYCD3) pathway (Powell and Lenhard, 2012) . Of these, miR319 [also known as JAGGED AND WAVY (JAW)], GRF3 and 5, and GIF1 [also known as ANGUSTIFOLIA 3 (AN3)] function as positive elements for cell proliferation-mediated growth control and as negative elements for leaf senescence (Schommer et al., 2008; Debernardi et al., 2014; Vercruyssen et al., 2015) . The TF TCP4 and miR396 play negative roles, however, in the control of cell proliferation-mediated growth and leaf senescence (Sarvepalli and Nath, 2011) . In addition, ANT, a crucial component in the ANT-CYCD3 pathway, mediates both cell proliferation-dependent growth and leaf senescence (Mizukami and Fischer, 2000; Feng et al., 2016) . These findings led to the suggestion of a positive association between cell proliferation activity and leaf senescence; thus, higher cell proliferation activity is accompanied by more retarded leaf senescence, and vice versa. Interestingly, TARGET OF RAPAMYCIN (TOR), a cell expansion-related growth regulator in another organ growth pathway, is also reported to be involved in leaf senescence but not in the control of cell proliferation (Deprost et al., 2007) . Overall, cell proliferation is likely to be a major cellular factor with an antagonistic function to the onset or progression of leaf senescence, but cell expansion at the organ level might be another factor modulating leaf senescence.
There are no reports to date describing the molecular mechanisms underlying the co-ordinated regulation of early leaf growth and late leaf senescence. Although these processes may be mediated by a single prominent factor, such an idea is unlikely; instead, all the evidence supports the idea that the diverse factors described above, including hormonal factors, ROS-mediated signals, and cellular maintenance activity, contribute to crosstalk between them. Such evident and robust associations imply that biological and evolutionary processes underlie this connection, as suggested by life history theory, and it will be intriguing to understand how plants have adopted a strategy that systematically co-ordinates developmental processes.
Senescence and light signaling
Recent evidence suggests that sophisticated light recognition by photoreceptors and light-signaling components is involved in leaf senescence. Light-dependent retardation of leaf senescence is one of the low-fluence responses that are photoreversible between red (R) and far-red (FR) light. In addition, the ratio of R:FR, used to detect shading, influences leaf senescence: a low R:FR ratio induces leaf senescence, while supplying FR light to increase the R:FR ratio can retard it. These are typical of responses regulated by stable type II phytochromes, and therefore phytochrome B (phyB) has been proposed to be the major photoreceptor for R-mediated senescence retardation in Arabidopsis (Reed et al., 1994) . Consistent with this, phyB mutants and phyB over-expressors show hypo-and hypersensitivity to the opposing effect of continuous or pulsed R light in leaf senescence, respectively (Brouwer et al., 2014; Sakuraba et al., 2014) . phyB is mainly involved in chlorophyll maintenance in plants kept in complete darkness. Leaf senescence, however, is substantially delayed by exposure to very low light or continuous FR, responses to which are mainly mediated by phyA (Brouwer et al., 2012 (Brouwer et al., , 2014 .
In contrast to the clear roles of phytochromes in dark-or shade-induced senescence, the involvement of other blue light and ultraviolet (UV)-A or UV-B receptors, such as crytochromes (CRYs), phototropins (PHOTs), ZEITLUPE (ZTL) family proteins, and UVB-RESISTANCE 8 (UVR8), in the regulation of light-mediated senescence regulations has not been clearly described in Arabidopsis (Liebsch and Keech, 2016) .
Several dozen light-signaling genes have so far been identified in forward genetic screening for photomorphogenesis phenotypes in seedlings or for physiological interactions with photoreceptors or light-signaling factors. It will be interesting to determine how light perception is transduced or processed during leaf senescence. Recently, several reports have suggested intermediate and dominant roles for PHYTOCHROME-INTERACTING FACTOR (PIF) 1, 3, 4, and 5 in regulating dark-induced and developmental leaf senescence (Sakuraba et al., 2014; Song et al., 2014; Zhang et al., 2015) by showing delayed and accelerated senescence responses in the pif mutants and PIF over-expressors, respectively.
Under light conditions, phyB destabilizes the function of PIF family proteins as master negative regulators of light responses, whereas enhanced activity of PIFs at the mRNA and protein levels under prolonged darkness activates multiple targets of senescence regulatory components through direct binding, and thus triggers leaf senescence. A metaanalysis of transcriptome profiles of dark-induced senescence and quadruple pif mutants, as well as outputs of genomewide PIF4/PIF5 ChIP, identified ABA-INSENSITIVE 5 (ABI5) or ENHANCED EM LEVEL (EEL) as direct targets of PIF4 and PIF5 for ABA or stress-mediated responses, and EIN3 for senescence and ethylene-mediated responses, during dark-induced leaf senescence (Sakuraba et al., 2014) . Furthermore, PIF4/5 and their targets ABI5, EEL, and EIN3 induce ORE1 expression directly through multiple feed-forward loops, suggesting that ORE1 is a signal integrator for the perception of phyB-mediated light-signaling information under light-deprived conditions. More recent studies have extended the central role of PIF4 and PIF5 into the regulation of ethylene-and age-induced leaf senescence. These proteins mediate chloroplast deterioration through the direct activation of NYE1, a chlorophyll-degeneration regulatory gene, and the direct repression of GOLDEN2-LIKE 2 (GLK2), a gene maintaining chloroplast activity (Song et al., 2014; Zhang et al., 2015) . Thus, PIF4/PIF5, and/or PIF1 and PIF3, function as core regulators of TFs and transduce light information to key senescence regulators. Although it cannot be ruled out that metabolic status, such as levels of carbon or nitrogen compounds, is involved in other signaling pathways for dark-or shade-induced senescence, it is now obvious that photoreceptor-mediated light signaling plays an important role in regulating the onset of leaf senescence.
Senescence and the circadian clock
The temporal control of developmental decisions, which must be executed in the correct sequence and at the appropriate times, is critical for enhancing fitness across an organism's life history. There needs, therefore, to be a mechanism (or mechanisms) within a cell, tissue, organ, or whole body capable of measuring the passage of time and thus regulating age-associated transitions throughout the life history of the plant. Over the last two decades, molecular and genetic studies have led to the identification of genetic programs that modulate developmental timing in various organisms (Bäurle and Dean, 2006; Rougvie, 2001 ).
The circadian clock, which has evolved as a complex developmental manager in diverse organisms, is a part of the endogenous time measurement system (Young and Kay, 2001; Panda et al., 2002) . It enables organisms to anticipate and adapt to the daily variations of their environment by adjusting their developmental and physiological traits (BellPedersen et al., 2005; Golombek and Rosenstein, 2010) . There is increasing evidence showing that senescence is affected by the circadian clock in various animals. Although the effect of senescence on the performance of the circadian system has been known for many years (Hofman and Swaab, 2006; Kondratov, 2007) , recent data demonstrate that disruption of the circadian clock also contributes to senescence and diseases associated with old age (Dubrovsky et al., 2010; Tranah et al., 2010; Yu and Weaver, 2011) . Investigations have begun into the regulatory mechanism that links senescence with the circadian clock. In mice (Mus musculus), SIRTUIN1 (SIRT1), an NAD + -dependent deacetylase that is one of the key regulators of the senescence process, regulates the central circadian clock via a mechanism that decays with age (Nakahata et al., 2008; Herranz et al., 2010) .
The relationship between senescence and the circadian clock has only recently been addressed in plants, using Arabidopsis leaves, although the circadian clock has long been known to co-ordinate many physiological responses throughout a plant's life history (Kim et al., 2016a) . The free-running period of the circadian clock is affected by leaf age, and is shorter in older leaves. Intriguingly, mutation of the core circadian clock component, TOC1, results in no such age-dependent changes in period, suggesting that such changes are regulated through TOC1. These results provide the first insights into understanding how age information and age-associated changes in the circadian clock are integrated into developmental decisions. Further studies are required to dissect the detailed molecular mechanism and determine how senescence is associated with changes in the circadian system, and whether there is indeed a causal relationship between them.
Senescence programs and fitness
Arabidopsis accessions are found in habitats across diverse geographic and climatic zones, and this is likely to reflect an evolutionary history of drastic climatic and environmental changes (Hoffmann, 2002; Hancock et al., 2011) . Leaf senescence is an important life history trait that enhances a plant's fitness in certain areas. In addition, the timing, rate, and duration of senescence are largely influenced by environmental conditions, such as light quality and duration, temperature, and water availability (Guo and Gan, 2012) . Therefore, studies of natural accessions can uncover the evolutionary and adaptive roles of senescence, and also provide generally applicable, unbiased answers to the fundamental questions of senescence biology.
The first attempt to understand the implication of senescence programs in natural populations was conducted by Levey and Wingler (2005) in eight Arabidopsis accessions originating from different continents. The authors found considerable variation in the starting time and duration of leaf senescence between different accessions, as well as an effect of day length. In addition, they addressed the relationship between leaf senescence and other life history traits, and found that senescence was associated with photosynthetic capacity and reproductive traits (floral transition and numbers of fruits and leaves). These results suggest that senescence is one of the key factors mediating the trade-off between photosynthetic and reproductive activity. A similar, but more extensive, study of 45 accessions and 155 recombinant inbred lines (RILs) derived from Cape Verde (Cvi)×Landsberg erecta (Ler) populations found that leaf senescence and post-bolting longevity are under strong genetic control (Luquez et al., 2006) . In addition, post-bolting longevity and leaf senescence have an inverse relationship with flowering time, suggesting that Arabidopsis has evolved differential energy production mechanisms for the development of siliques or seeds that depend on flowering time: earlier-flowering populations utilize photosynthates, whereas later-flowering populations recycle nutrients from old vegetative leaves. Other studies using heterogeneous inbred families and RILs suggest a differentiation of biological roles between the first six leaves and later-emerging leaves; senescence of early leaves leads to the recycling of nutrients such as nitrogen to later leaves and contributes to whole-plant senescence rather than reproduction (Diaz et al., 2005 (Diaz et al., , 2008 Masclaux-Daubresse et al., 2007) .
The genetic basis of natural variation in Arabidopsis senescence programs has been identified or explained by quantitative trait locus (QTL) analyses in several RIL populations (Diaz et al., 2005; Luquez et al., 2006; Wingler et al., 2009) . These studies have isolated several accession-and/or condition-specific QTLs for longevity traits, suggesting that, over the course of their evolutionary and ecological history in varying environmental conditions, each accession has evolved to contain a small number of genes that advance or delay senescence. QTL analysis of sugar-induced leaf senescence in the Bayreuth (Bay-0)×Shahdara (Sha) RIL population revealed that FRIGIDA (FRI) and FLOWERING LOCUS C (FLC) are major, potent QTLs involved in vernalization-accelerated senescence in winter-annual populations. In addition, Diaz et al. (2006) mapped several QTLs in the Cvi×Ler RIL population that explain visible yellowing and anthocyanin accumulation during leaf senescence. Major QTLs for these two metabolic processes were located in different genomic regions, implying that these senescence-related coloring traits evolved independently, possibly in different times and environments. Further QTL positional cloning will enable the study of the regulatory mechanisms underlying the senescence programs specific to a particular accession.
The recent development of multi-parent advanced generation inter-cross (MAGIC) populations from multiple founders with different genome contents provides an alternative and more systemic approach to understanding natural variation (Cavanagh et al., 2008; Kover et al., 2009) . This system facilitates a generalized understanding of the association of leaf senescence with other phenotypic traits and enables discovery of genes for leaf senescence traits that are shared or specialized in natural populations. Although MAGIC populations in plant species were first developed in Arabidopsis (Kover et al., 2009) , there have been no studies of Arabidopsis leaf senescence using a MAGIC approach to date. The power of this approach for studying senescence was evaluated using the 200 MAGIC bread wheat (Triticum aestivum) population, which resulted in the identification of the genetic components and physiological traits associated with variations in the timing of the key phenological stages in senescence (Camargo et al., 2016) .
Recent technical advances in genome-wide single-nucleotide polymorphism (SNP) microarrays and next-generation sequencing technologies have greatly facilitated the collection of genome-wide SNPs and genome sequence information at a reasonable cost from a core set of approximately 1000 Arabidopsis populations The 1001 Genomes Consortium, 2016 . Phenotypic assays using the same core sets and data sharing between research groups facilitates meta-analyses of a large set of physiological data, which can help reveal evolutionary and molecular associations among biological responses as well as identify candidate genes or SNPs through genome-wide association (GWA) analysis (Seren et al., 2012 (Seren et al., , 2017 Grimm et al., 2017) . Although no intensive study has used this large collection of core population data to focus on senescence responses, analysis of senescence-related symptoms, such as presence or absence of lesions (LES) or yellowing old leaves (YEL), in 95 accessions was reported in a pioneering GWA study between 107 phenotypes and climate (Atwell et al., 2010; Hancock et al., 2011) . Many common alleles with major effects were identified as potential candidates using a GWA approach, accounting for natural variation in the LES and YEL phenotypes. ACD6, for example, which encodes an ankryin protein, was associated with both LES and YEL, and the central and differentiated role of natural ACD6 alleles in pathogen responses was further evaluated in local populations and geographically unrelated populations (Todesco et al., 2010 (Todesco et al., , 2014 Świadek et al., 2017) . In addition, of the developmental phenotypes investigated, YEL was most strongly associated with climate variables, and also showed moderate correlations with the length of the growing season, aridity, maximum temperature in the warmest month, and precipitation in the driest month. This implies that senescence responses are shaped and modulated by complex environmental cues. Further detailed GWA of climatic variables at the places of origin of 948 accessions with information about 250 000 SNPs revealed that the biological process of 'aging' is significantly enriched by consecutive cold days, which suggests that there is a genetic basis underlying the adaptive association of senescence processes with climate factors (Hancock et al., 2011) .
Recent research has broadly emphasized the relevance of plant behaviors in real or simulated natural conditions. Schmitt and colleagues (Fournier-Level et al., 2011) analysed the genetic basis of local adaptation by measuring fitness-related factors such as survival and silique production in natural Arabidopsis populations growing in four European field sites with a range of climates (Nordic, Mediterranean, continental, and oceanic). They identified four candidate genes for local adaptation; SAG21, a senescence regulator, was associated with survival in Finland (Fournier-Level et al., 2011; Salleh et al., 2012) , suggesting that senescence processes may be valuable traits enabling local adaptation in distinct environments.
Likewise, genetic diversity in natural collections of Arabidopsis has been exploited to reveal the commonality and diversity of regulatory strategies governing leaf senescence in an ecological and evolutionary context (Fig. 2) . More extensive and precise information about the places of origin of natural accessions, including information on atmospheric, hydrospheric, lithospheric, and biospheric factors, may increase our understanding of the ecological implications of senescence responses based on ecosystem interactions. Future systematic and integrative meta-analysis of high-quality multi-omics data, such as transcriptomic, proteomic, and metabolomic data, as well as of the phenomes of the core set of Arabidopsis populations, will provide in-depth insights into the molecular functions of key regulatory genes, and thus elucidate the biochemical pathways or regulatory networks governing the adaptive functions of senescence. In addition, comparative analysis of species or families of plants closely related to Arabidopsis will enable investigations of the broader evolutionary significance of senescence programs.
Conclusions and future challenges
The molecular landscape underlying the complex but delicate process of leaf senescence has been rapidly extended by our increased knowledge of the nature of the key regulatory Fig. 2 . A multifaceted approach based on genome, phenome, and environmental links to senescence responses. Leaf senescence is a crucial biological process that increases adaptive potential and whose molecular programs have been shaped by the natural habitat of the plant. The interrelation between senescence processes and environment, phenome, and genome allows the identification of ecological factors, co-evolved traits, and genetic factors, respectively. These include the length of the growing season, photosynthesis, and the ACD6 gene, respectively. S×E, interaction between senescence and environment; S×P, interaction between senescence and phenome; S×G, interaction between senescence and genome. A tentative map of leaf senescence phenotypes in natural accessions of Arabidopsis is shown: sea-green, delayed senescence; brown, early senescence.
components and their interactions. Nonetheless, many important questions remain unanswered. Among the most challenging of these are: (1) what is the nature of the age signal or time-measuring system, and how is age information transduced to developmental programs leading to senescence? (2) How are the various signals perceived and integrated to co-ordinate leaf senescence? (3) What are the key regulatory networks responsible for functional transitions during the leaf-aging process? (4) How is leaf senescence linked to other developmental programs? (5) How does leaf senescence affect plant fitness?
Senescence maximizes plant survival by balancing multiple internal and external signals. A complete understanding of this complex process requires new ideas and technologies. In this sense, it is encouraging that senescence is now being addressed from a life history perspective and at the systems level in a dynamic manner (Fig. 3) . Thanks particularly to multi-omic technologies, we can now visualize dynamic changes in transcripts, proteins, and metabolites, which provide a more detailed view of leaf senescence (Balazadeh et al., 2014; Kim et al., 2016c) . These technologies enable the identification of new regulatory factors and mechanisms, and generate a set of interesting and important hypotheses whose testing will enable further understanding of life history strategy, including aging, senescence, and death .
Plant phenomics technology, which enables complete analysis of physiological traits, currently lags behind other 'omics' technologies. It would allow dynamic, longitudinal, and multi-dimensional analyses to characterize the physiological changes along the entire lifespan of a leaf at a systems level (Kim et al., 2016c) . Phenomics technology would provide numerous phenotype analyses of hundreds of traits in an automated and high-throughput manner for a large set of plant populations under various conditions over time (Humplík et al., 2015) . This would facilitate the dissection of the physiological responses involved in a complex system such as leaf senescence and life history (Camargo et al., 2016; Lyu et al., 2017) . High-throughput phenotyping of a large collection of natural accessions would also greatly increase the opportunity for exploration of fitness and adaptive mechanisms. Some of the technical difficulties in adapting this technology for studying leaf senescence, including single leaf-based tracking systems, enhancing the sensitivity of image-based measurements of physiological traits, and establishment of data-mining pipelines, are being resolved (Lyu et al., 2017) . It is likely that integration of these multi-omics data will elucidate age-associated changes in morphology, physiology, and molecular behaviors in a comprehensive manner across the entire lifespan of a leaf, including senescence.
The complex process of senescence might be better understood in the context of molecular networks. Thus, elucidating the multilayered networks encoding senescence processes throughout the life history of a plant could represent a crucial next step. The rapid development of new technologies will also allow the identification of various types of regulatory networks, including those involved in transcription, epigenetics, translation, and chromatin, as well as those involved in the establishment of protein-protein, protein-RNA and RNA-RNA complexes. Spatially-coded networks involving mitochondria, chloroplasts, vacuoles, cytoplasm, the nucleus, and plasma membranes could also be explored across an entire life history, revealing how organelles interact and coordinate their functions during different life history stages and senescence. Fig. 3 . Schematic illustration of the approaches used to study plant leaf senescence. In conventional senescence research, leaf senescence has been investigated via static and fragmentary analyses; i.e. senescence responses to a single endogenous or environmental input such as drought, temperature, or hormones have been monitored with limited morphological, physiological, or molecular markers. By contrast, in integrative senescence research, leaf senescence is decoded through dynamic, interactive, and multi-dimensional analyses; i.e. multiple endogenous or environmental inputs are given to obtain integrative data for morphological/physiological phenomes and/or molecular omes, leading to a systemic understanding of leaf senescence.
Leaf senescence has been studied mostly at the organ level. However, individual cells in a single leaf are generally at different developmental stages. Thus, the elucidation of the molecular mechanisms underlying the co-ordinated development of the cells within an individual leaf during senescence is another challenging issue. To pursue this, a new assay system for monitoring senescence symptoms at the cellular level should be developed.
The ability to modulate leaf senescence has great potential for improving agronomic traits, such as crop yields and post-harvest quality. However, up until now genetic resources and knowledge have been poorly utilized in this respect. Implementing approaches such as the CRISPR/Cas9 system for genome editing or the control of expression of genes of interest with senescence-specific promoters might help realize this important goal.
